Pemphigus vulgaris (PV) is an autoimmune blistering disease, in which autoantibodies against PV antigen (PVA or Dsg3) play a pathogenic role in inducing blister formation. Bacterial fusion proteins of PVA failed to absorb pathogenic autoantibodies from PV patients' sera probably because they did not represent the proper conformation. Therefore, a chimeric protein, PVIg, consisting of the whole extracellular domain of PVA and the constant region of human IgG1, was produced in either in COS7 or in insect Sf9 eucaryotic cells. Both PVIg-COS7 and PVIg-Sf9 were recognized by all of the 35 PV sera tested, but not by any of 10 pemphigus foliaceus (PF), 16 Brazilian PF, 10 bullous pemphigoid, or five normal control sera. Incubation of PV patients' sera with PVIg-Sf9 removed heterogeneous autoantibodies and significantly reduced their immunofluorescence titers on normal human epidermis, although PVIg-Sf9 did not affect the titers of PF sera at all. Furthermore, PVIg-Sf9 absorbed pathogenic autoantibodies from patients' sera and prevented gross blister formation in a neonatal mouse model for pemphigus. These results indicate that this baculovirus product has the proper conformation of the authentic PVA and that its conformation is important in pathogenicity of pemphigus.
Introduction
Pemphigus vulgaris (PV)' is a life-threatening autoimmune blistering disease of skin and mucous membranes. Autoantibodies found in patients with PV bind the keratinocyte cell surface and cause loss of cell adhesion of keratinocyte with resultant blister formation (1) . The pathogenic roles of PV autoantibodies of IgG subclass have been established from a number of observations. First, disease activity in patients often correlates with anti-cell surface antibody titer, as determined by indirect immunofluorescence (2) . Second, neonates of mothers with PV may have transient disease due to maternal IgG that crosses the placenta (3) . As maternal antibody is catabolized, disease subsides. Third, IgG from patients with pemphigus alone, without complement or inflammatory cells, can induce loss of cellcell adhesion, with the same histology as seen in patients, in skin organ culture (4, 5) . Lastly, passive transfer of IgG from patients sera to neonatal mice results in loss of cell-cell adhesion and blisters with typical histological findings (6) .
A target molecule of these pathogenic autoantibodies, PV antigen (PVA), has been characterized as a 130-kD glycoprotein by immunoprecipitation and immunoblot analyses (7) (8) (9) (10) . Recently, cDNA for PVA has been isolated by immunoscreening a human keratinocyte expression cDNA library with affinity-purified PV IgG (11) . The deduced amino acid sequences of PVA showed marked homology with members of Ca2+-dependent cell adhesion molecules, cadherins (12, 13) , especially with desmoglein I (Dsgl ) (14) (15) (16) (17) , which is a transmembrane glycoprotein of desmosome complex and also the autoantigen for pemphigus foliaceus (PF), another type of autoimmune blistering disease of the skin (1) .
PVA (Dsg3) is similar in overall structure to classic cadherins (11) . Like classic cadherins, PVA has five extracellular subdomnains of approximately equal size, termed ECI (amino terminus) through EC5 (carboxy terminus of the extracellular portion). PVA is synthesized as a precursor protein with a signal peptide and a prosequence and the cleavage of the prosequence would result in a mature PVA as seen in classic cadherins. Correct proteolytic cleavage of prosequence is required for the cell adhesive function of classic cadherins (18) . PVA has two N-linked glycosylation sites in ECI and EC2 domains, which are also found in Dsgl at equivalent positions. Studies of classic cadherins have shown that the 113 amino-terminal residues (ECI and part of the EC2 domain) are important for determining binding function and specificity of binding (19) .
In a previous study we used patient sera to map the major epitopes on PVA and to determine if antibodies against certain epitopes were pathogenic when passively transferred to neonatal mice (20) . These studies were performed using fusion proteins, made in bacteria, with cDNA coding for various extracellular subdomains of PVA. We screened patient sera on these bacterial fusion proteins by immunoblotting, a technique that has been used to define immunodominant epitopes on several other autoantigens (21) (22) (23) (24) . Using this method we found that subdomains EC1, EC2, and EC4 contained immunodominant epitopes and that antibodies affinity purified from patients sera on a ECi   EC2  EC3  EC4  EC5  H  CH2  CH3 ---PHSGR LEPKSC--- Figure 1 . Molecular structure of PVIg, a secreted form of PVA chimeric molecule. PVIg contains the signal peptide (S), the prosequence (P), the whole extracellular domain of PVA (ECI-5), and the constant region of human IgGl, including hinge (H), CH2, and CH3 regions.
The amino acid sequence around the fused site is shown and one leucine was introduced to create a new restriction site.
bacterial fusion protein containing EC1-2, but not EC3-5, were capable of causing histologic blisters of PV when passively transferred to neonatal mice. Therefore, we concluded that at least one pathogenic epitope was located in the EC1-2 subdomain, an area thought to be important in cadherin homophilic adhesion. However, searching for immunodominant and pathogenic epitopes with bacterial fusion proteins has severe limitations. Various posttranslational processes such as glycosylation, proteolytic processing, and protein folding are fundamentally different in bacteria compared with eucaryotic cells. Since many protein binding sites are conformational (25) , and therefore, potentially dependent on these processes, bacterial fusion proteins may lack many epitopes found on the native antigen. Furthermore, the bacterial proteins of PVA were insoluble and used only after solubilized with denaturing agents, such as SDS or urea. These limitations of the bacterial fusion proteins should account for our previous findings. First, -25% of PV sera tested did not react with any of the bacterial fusion proteins spanning the full extracellular domain of PVA (20) ; second, even the fusion protein containing major immunogenic domains was recognized only by -60% of PV sera tested (20) ; third, the incubation of PV sera with these bacterial proteins did not reduce immunofluorescence titers on cryo-sectioned skin containing native PVA (unpublished observation); last, although we found a pathogenic epitope in the EC1-2 domain, most pathogenic epitopes were not represented by our fusion proteins because these bacterial proteins failed to absorb pathogenic autoantibodies from PV patients' sera (20) . The purpose of this study is to determine if we could produce genetically engineered PVA that represents the proper conformation of PVA and contains most or all of the pathogenic epitopes. Because Fig. 1 ). Basically, desired cDNAs were amplified by polymerase chain reaction (PCR) using synthetic oligonucleotides complementary to sequences flanking the cDNA regions to be amplified. Oligonucleotides were designed to allow the creation of restriction enzyme cleavage sites or coding sequences for peptides to be added. Typically, 20 to 25 cycles were conducted consisting of 1 min at 94°C, 2 min at 55°C, and 3 min at 72°C, using the reaction buffer recommended by the manufacturer (Perkin Elmer Cetus, Norwalk, CT).
To construct an expression vector for COS7 cells, cDNA coding the extracellular domain of PVA was PCR amplified on pcDNAl-PVECIII, a mammalian expression vector containing a chimeric molecule with the extracellular domain of human PVA and the cytoplasmic domain of mouse E-cadherin (26) , using the T7 primer in the vector sequence as a 5' primer and a 3' primer with following sequence: 5 '-CCT-GCT-CGA-GCC-TCC-CTG-AGT-GCG-GCC-T-3' (encoding the antisense sequences immediately upstream of the end of EC5 domain of PVA and a XhoI site). This PCR product has 5' noncoding region and the coding region covering the signal peptide, prosequence and the entire extracellular domain of PVA (nucleotides 1-1 929) ( 11) . cDNA encoding the constant region of human IgGI was generated by PCR amplification on pTJ5 (a plasmid containing cDNA encoding a part of hinge region, CH2, and CH3 domain regions, a generous gift from Drs. Satoshi Nakamura and Kazuhiko Souma; Biotechnology Research Laboratory, Teijin Ltd.) (27) with primers with the following sequences: 5' primer, 5 '-CCT-GCT-CGA-GCC-CAA-ATC-TTG-TGA-CAA-AAC-TCA-CAC-ATG-CCC-ACC-GTG-CCC-A-3' (encoding the whole sequences for the hinge region and a XhoI site). 3 For expression of the chimeric molecule in baculovirus system, the insert in pcDNAl-PVIg was transferred to a baculovirus transfer vector, pEVmod (a generous gift from Dr. Lois K. Miller, Department of Entomology, the University of Georgia) (28) with some modifications. A 2.0-kb EcoRI-ApaI fiagment, which contains most of the coding sequences for PVIg but misses 5' 570 bp of the coding region of PVA, was obtained from DNAl-PVIg and subcloned into pBluescript II KS (Stratagene, La Jolla, CA) to add KpnI site at the 3' end. A cDNA encoding the 5' 570 bp of PVA was obtained by PCR amplification on pcDNAl-PVECLIJ with primers with the following sequences: 5' primer, 5 '-TAA-GGA-ATT-CAG-ATC-TCG-CCA-TGG-GGC-T.CT-TCC-CCA-GAA-C-3' (encoding sequences immediately downstream of the translation initiation site of PVA and the Kozak consensus sequence at translation initiation site [29] and a Bgill site). 3' primer, 5'-CCC-TGC-AGA-AAC-ATT-GGG-AAG-TT'A-TC-3' (encoding antisense sequences immediately upstream of the end of EC2 domain of PVA). The PCR product was digested with BglIIEcoRI and ligated together with the EcoRI-KpnI PVIg fragment and BglII-KpnI-cut pEVmod vector. This construct does not contain heterogeneous sequences in the 5' noncoding region of PVA which may alter the expression in baculovirus system (30) , and was designated pEVmod-PVIg.
Production of PVIg in COS7 cells. pcDNA1-PVIg was transiently transfected into COS7 cells using Lipofectin (GIBCO BRL, Gaithersburg, MD). Typically, a 100-mm semiconfluent plate of COS7 cells were transfected with 10 jg of the plasmid DNA and 50 Sl of Lipofectin in 5 ml of serum-free Dulbecco's modified Eagle medium (DME) and after 4 h of incubation at 37°C an equal volume of DME with 20% fetal calf serum (FCS) was added and incubated overnight. Next day the BPF BP N Figure 3 . the plate. In the meantime, DNA-Lipofectin mixture was prepared by incubating 2 jtg of the pEVmod-PVIg DNA, 0.5 pg of the BaculoGold DNA, and 30 M1 of Lipofectin in 1.5 ml of serumfree Grace's insect cell culture medium at room temperature for 15 min. The Sf9 cells were washed twice with serum-free Grace's medium and 1.5 ml of serum-free Grace's medium was added. The DNA-Lipofectin mixture was added dropwise and transfected cells were incubated at 27°C for 4 h. Then, the cells were washed once with serum-free Grace medium and incubated in Grace's medium with 10% FCS at 27°C for 4 d. Then, the supernatant was collected and used to amplify recombinant baculovirus by infecting semiconfluent Sf9 cells in a 100-mm dish and incubating for 3-5 d. High titer of recombinant baculovirus stock was obtained after several rounds of reamplification.
The Table  I ) and a PF serum (E and F; 1:160 dilution) were incubated either with PVIg-Sf9 supernatant (B, D, and F) or control supernatant (A, C, and E), then subjected to immunofluorescence staining on normal human skin. The PVIg-Sf9 treatment removed the reactivity of PV sera with keratinocyte cell surface completely, but not that of PF sera. x400.
cell debris by centrifugation. On average, the supernatant contained The concentrated PVIg proteins were separated by SDS-PAGE, and transferred to PVDF membranes, Immobilon (Millipore Corp., Bedford, MA). To detect the PVIg molecules, the membrane was incubated with 1:1,000 dilution of alkaline phosphatase-conjugated goat anti-human IgG antibodies (Zymed Laboratories, Inc., San Francisco, CA) at room temperature for 1 h. To see reactivity of PV, disease control, or normal control human sera against PVIg molecules, the membrane was first incubated with 1:50 dilution of human sera (35 PV, 10 PFP 16 BPF, 10 BP, and 5 normal sera), then 1:30 dilution of mouse anti-human IgG4 antibody (Oxoid, Hants, England), and 1:1,000 dilution of alkaline phosphatase-conjugated goat anti-mouse IgG antibodies (Zymed Laboratories, Inc.).
Absorption of PV IgG with PVIg-Sf9. 10 j1 of patients' sera was For neonatal mouse study, 10 ml of each PV patient's serum was incubated at room temperature for 4 h with 50 ml of either PVIg-Sf9 supernatant or noninfected control supernatant, and centrifuged at 13 ,000 g at 4°C for 30 min to remove aggregates. Then, IgG was prepared by precipitation with 40% ammonium sulfate, dialyzed against PBS-Ca, and concentrated with a microconcentrator, Centricon 100 (Amicon, Beverly, MA) to 1 ml (1/10 volume of the original serum volume). These concentrated IgGs (100-150 /4 per mouse) were injected subcutaneously into neonatal BALB/c mice (< 24 h of age) as described previously (6, 20) . Neonatal mice were examined and biopsied 18-24 h after injection. The serial dilution of these concentrated IgGs was made at 2x, 4x, and 8x to quantitate their pathogenic activities of gross blister formation in neonatal mice.
Results
Production and secretion of the PVA extracellular domain by COS7 cells. To make recombinant PVA proteins with the proper three-dimensional conformation, we designed a chimeric cDNA that encoded the signal peptide and prosequence of PVA as well as its entire extracellular domain and then, in frame, encoded the constant region of human IgGl (Fig. 1) . Therefore, the aminoterminal part of the protein should act just as normally translated PVA and the whole molecule should result in a secreted protein, which would be processed to the mature protein at the plasma membrane of a eucaryotic cell. The constant region of human IgGl was introduced at the carboxy-terminal end for several reasons. First, it may enhance the stability of the engineered proteins. Second, it contains a hinge region that should prevent the IgG polypeptide from interfering conformationally with the PVA extracellular domain (31) . Third, the constant region of IgG can be used for detection of the recombinant molecule with anti-human IgG antibodies (see below). Finally, the IgG region can be used to purify the recombinant protein with protein A. Several biologically active proteins have been produced using this strategy (32) (33) (34) (35) (36) .
A cDNA encoding this chimeric PVIg molecule was constructed in an eucaryotic expression vector containing the CMD promoter. Transient transfection of COS7 cells with this construct resulted in secretion of the chimeric molecule, PVIg-COS7, in cultured media, which was purified on protein A by a single step. Purified PVlg-COS7 was examined by immunoblot with alkaline-phosphatase conjugated anti-human IgG goat antibodies and detected as a single band, whose molecular weight was -110 kD (Fig. 2, lane 1 (Fig. 3 A) . We conclude from these data that the chimeric construct encodes the expected recombinant molecule that, even when denatured for immunoblotting, contains epitopes identified by all PV sera, but not by any control sera.
Production and secretion of the PVA extracellular domain by baculovirus in Sf9 insect cells. The above studies confirmed that the PVIg chimeric molecule expressed in COS7 cells contains more epitopes than the bacterial fusion proteins used in the previous study (20) . We next wanted to determine if this secreted molecule contained pathogenic epitopes by absorption studies with human PV sera. However, for these types of studies we needed to produce more protein than the small quantities ( -0.1-0.5 ,yg/ml) produced by transient transfection of COS7 cells. We therefore cloned the chimeric cDNA into a baculovirus transfer vector that could be used to produce large quantities of protein in insect Sf9 cells.
Infection of Sf9 cells with a recombinant baculovirus conmining PVIg coding sequences resulted in secretion of the chimeric molecule, PVIg-Sf9, in cultured media, whose concentration was 5-10 pg/ml, 20-100-fold more than that of PVIg-COS7. Purified PVIg-Sf9 was examined by immunoblot and detected as a doublet, whose molecular weights were 107 and 110 kD (Fig. 2, lane 2). This doublet was thought to be products with and without proteolytic processing of the prosequence. In baculovirus expression system proteolytic processing sometimes is not efficient, particularly if synthesis is very high (42) . Matured PVIg-Sf9, the lower band of the doublet, is a little smaller than PVIg-COS7 (Fig. 2, lanes I and 2) . This may be due to the diffirent way of glycosylation between in COS7 cells and in Sf9 cells. Sf9 cells cannot add a complex form of glycosylation. Precursor proteins of PVIg-Sf9 in Sf9 cell extracts were detected as a major 1 10-kD band and a minor 97-kD band, which were considered to be products with and without glycosylation (Fig. 2, lane 3) . Under nonreduced condition PVIgSf9 in the supernatant was detected as a doublet of 210 and 190 kD (Fig. 2, lane 4) . These findings indicate that PVIg-Sf9 is glycosylated and secreted as a dimer, presumably through disulfide bonds in hinge region.
The reactivity of the secreted chimeric molecule, PVIg-Sf9, against PV and control sera was examined (Fig. 3 B) . The PVIg-Sf9 was also recognized by all the 35 PV sera tested as strongly as the PVIg-C0S7, but not by any 36 disease control nor five normal control sera. Several PV sera reacted better or only to the lower band of the PVIg-Sf9 doublet. The cleavage of the prosequence may also contribute to the conformation of the extracellular domain of PVA, which was recognized by several PV sera even in denatured condition. These findings indicate that the baculovirus product, PVIgSf9, has equivalent epitopes to PVIg-COS7 and that a large quantity of the PVA baculovirus protein could be produced for the absorption study with PV patients' sera.
Absorption ofpathogenic autoantibodies from PV sera by the extracellular domain of PVA produced by baculovirus. We next wanted to determine whether PVIg-Sf9 generates most or all epitopes recognized by PV sera, which contain heterogeneous antibodies reacting to different parts of the PVA. To avoid any denaturing process, cultured media of Sf9 cells infected with PVIg-Sf9 recombinant virus were used to incubate with 17 PV sera, and immunofluorescence titers on normal human epidermis were examined. Cryo-sectioned normal human skin should represent nondenatured PVA with the proper conformation. Conditioned media of noninfected Sf9 cells were used as a control supernatant to incubate with PV sera. Strikingly, in 6 out of 17 PV sera tested, the reactivity of PV sera against keratinocyte cell surface was completely removed by the incubation with PVIg-Sf9 (Fig. 4, A-D ; Table  I ). The titers of the other 10 PV sera were also reduced significantly, but to various ranges: 2-32-fold. Only one PV serum showed no reduction of the titer even after treatment with PVIgSf9. The mean titers of control and PVIg-Sf9 treated PV sera were 664±121 and 146±74, respectively, and the difference was statistically significant (Wilcoxon, P < 0.005). The incubation of PF sera with PVIg-Sf9 did not alter the titers at all (Fig. 4 , E and F; Table I ). These findings indicate that PVIgSf9 has the conformation very close to the authentic PVA and has most (or all for several PV sera) of the epitopes of the PVA, including conformational ones.
Furthermore, once PVIg-Sf9 was denatured by acidic buffer (0.5 M glycine, 0.15 M NaCl, pH 2.3) or detergent-containing buffer (1% SDS in TBS), PVIg-Sf9 was no longer able to block the reactivity of PV sera on normal human epidermis and did not reduce immunofluorescence titers significantly (data not Table II ). The skin specimen of mice injected with PV IgG treated with control supernatant showed suprabasilar acantholysis, characteristic histological finding of PV (Fig. 5 B) . In contrast, mice injected with PV IgG treated with PVIg-Sf9 supernatant showed intact epidermis (Fig. 5 C) , although focal suprabasilar acantholysis could be detected just occasionally by search under microscopy. The deposition of human PV IgG on keratinocyte cell surface in vivo was observed in both groups of mice and the intensity of staining was comparable (data not shown). The titers of PV IgG in mice injected with PVIg-Sf9-treated sera were 1:80 to 1:160, which were 2-4-fold lower than that of mice injected with control-supernatant-treated sera. These titers of the mice were compatible with the original titers of the sera after the treatment with PVIg-Sf9 or control supernatant (Table I) .
Furthermore, to titrate the pathogenic activity of the IgG injected, serial dilution of the concentrated IgG of PV serum No. 12, which was incubated with control or PVIg-Sf9 supernatant, was made and injected into neonatal mice (Table III) . PV IgG incubated with control supernatant was able to induce gross blisters in all the mice injected even at twofold dilution, and it lost pathogenic activity at eightfold dilution. None of the diluted PV IgG incubated with PVIg-Sf9 caused blisters.
These findings demonstrate that the PVIg-Sf9 recombinant protein is capable of absorbing pathogenic autoantibodies from PV patients' sera and preventing gross blister formation in the neonatal mouse model.
Discussion
In this study we aimed to produce a recombinant protein of PVA, which can absorb pathogenic autoantibodies from PV patients' sera. The previously produced bacterial fusion proteins for PVA represented only the sequential epitopes, but not most of the conformational epitopes, and failed to absorb out pathogenic antibodies from PV sera (20) . Therefore, we attempted to produce PVA recombinant proteins in eucaryotic cells, which can mediate posttranslational modifications like glycosylation, proteolytic processing, and proper protein folding. We constructed a chimeric molecule of the entire extracellular domain of PVA tailed with the constant region of human IgGI, termed PVIg, and produced it in COS7 cells and in Sf9 insect cells. PVIg-COS7 and PVIg-Sf9 were both recognized by all the PV sera tested, but by none of any disease or normal control sera. Furthermore, PVIg-Sf9 was able to absorb out pathogenic autoantibodies from PV patients' sera and prevented gross blister formation in the well established neonatal mouse model for pemphigus. Compared with bacterial fusion proteins, the recombinant proteins produced in eucaryotic cells are much more likely to contain more epitopes, including pathologically significant ones.
However, once PVIg-Sf9 was denatured by acidic buffer or detergent, it lost blocking activity against PV antibodies, as determined by immunofluorescence staining of normal human epidermis. Taken together with the observation of the bacterial fusion proteins of PVA (20) , we concluded that the conformation of PVA plays an important role in the antigenicity and pathogenicity of pemphigus.
When PV sera were preincubated with PVIg-Sf9, about one third of sera completely lost the reactivity against keratinocyte cell surface of normal human epidermis as detected by immunofluorescence. These PV sera are mostly derived from clinically mild cases, which had only oral erosions or localized skin lesions and responded well to systemic corticosteroid treatment (Table I ). The other PV sera, which retained some reactivity against keratinocyte cell surface although the titers were significantly reduced after the treatment with PVIg-Sf9, are mainly from clinically severe cases, which had generalized blisters and erosions for a long period of time or were resistant against conventional systemic corticosteroid treatment (Table I ). The three PV sera used for the neonatal mice study are in this group, but the preincubation with PVIg-Sf9 removed pathogenic activity of these PV sera. These observations suggest that along the progress of the disease patients may raise antibodies against nonpathogenic epitopes of the extracellular domain or the cytoplasmic domain of PVA, or even against other molecules expressed on the cell surface, as an epiphenomenon. Furthermore, it is interesting that the PV serum No. 17, whose titers were not changed even after the absorption with PVIg-Sf9 (Table  I) 
